Abstract Overexpression of the oncoprotein mortalin in cancer cells and its protein partners enables mortalin to promote multiple oncogenic signaling pathways and effectively antagonize chemotherapy-induced cell death. A UBX-domaincontaining protein, UBXN2A, acts as a potential mortalin inhibitor. This current study determines whether UBXN2A effectively binds to and occupies mortalin's binding pocket, resulting in a direct improvement in the tumor's sensitivity to chemotherapy. Molecular modeling of human mortalin's binding pocket and its binding to the SEP domain of UBXN2A followed by yeast two-hybrid and His-tag pulldown assays revealed that three amino acids (PRO442, ILE558, and LYS555) within the substrate-binding domain of mortalin are crucial for UBXN2A binding to mortalin. As revealed by chase experiments in the presence of cycloheximide, overexpression of UBXN2A seems to interfere with the mortalin-CHIP E3 ubiquitin ligase and consequently suppresses the C-terminus of the HSC70-interacting protein (CHIP)-mediated destabilization of p53, resulting in its stabilization in the cytoplasm and upregulation in the nucleus. Overexpression of UBXN2A causes a significant inhibition of cell proliferation and the migration of colon cancer cells. We silenced UBXN2A in the human osteosarcoma U2OS cell line, an enriched mortalin cancer cell, followed by a clinical dosage of the chemotherapeutic agent 5-fluorouracil (5-FU). The UBXN2A knockout U2OS cells revealed that UBXNA is essential for the cytotoxic effect achieved by 5-FU. UBXN2A overexpression markedly increased the apoptotic response of U2OS cells to the 5-FU. In addition, silencing of UBXN2A protein suppresses apoptosis enhanced by UBXN2A overexpression in U2OS. The knowledge gained from this study provides insights into the mechanistic role of UBXN2A as a potent mortalin inhibitor and as a potential chemotherapy sensitizer for clinical application.
Introduction
Mortalin-2/Grp75/HSPA9B/mot-2 (mortalin) is a member of the heat shock protein 70 (HSP70) family (Wadhwa et al. 1993b ). Mortalin does not quite fit with other members of the HSP70 family due to its non-inducibility to heat shocks (Kaul et al. 2007 ). Besides inactivation of p53 during the progression of cancer (Lu et al. 2011; Sane et al. 2014) . mortalin enhances cancer proliferation and metastasis through other pathways as follows: (i) Mortalin negatively regulates the Raf/MEK/ERK pathway, which triggers innate tumorsuppressive mechanisms. In fact, inhibition of mortalin increases p21 CIP1 transcription and MEK/ERK activity, which
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leads to cell death and growth arrest in MEK/ERK-activated cancer cell lines (Wu et al. 2013 ).
(ii) Mortalin inhibits the proapoptotic Bax protein in both p53-dependent and p53-independent manners (Lu et al. 2011; Yang et al. 2011). (iii) In addition to its cytoplasmic sequestration and inactivation of p53, a recent report indicated that in cancer cells mortalin localizes in the nucleus and inactivates p53-mediated control of centrosome duplication, causing genomic instability. In addition, mortalin nuclear localization leads to the activation of hTERT (a telomere-maintaining enzyme) and hnRNP-K (a multifunctional chromatin-remodeling protein). The hTERT and hnRNP-K promote carcinogenesis (Ryu et al. 2014) . (iv) Current evidence indicates mortalin contributes to the epithelial-to-mesenchymal transition, a crucial step in tumor invasion and metastasis (Chen et al. 2014) . as well as angiogenesis (Yoo et al. 2010) during the progression of a tumor. (v) Finally, there is evidence that mortalin associates with DJ-1 protein and they coordinately maintain cancer stem cells through the control of oxidative stress (Conte et al. 2009; TaiNagara et al. 2014) . Taken together, the above evidence illustrates that mortalin plays an important and distinct role in tumorigenesis and metastasis in several cancers, including colon, brain, and osteosarcoma cancers (Kaul et al. 2007; Wadhwa et al. 2006) . Therefore, mortalin is a potential therapeutic target for a subset of cancers possessing upregulated mortalin. We discovered UBXN2A binds to and inactivates mortalin. By binding to mortalin, UBXN2A reactivates wild-type (WT)-p53 tumor suppressor protein (Sane et al. 2014) and induces apoptosis at the cellular level and in tumor xenografts (Abdullah et al. 2015b ). In addition, we discovered that induction of UBXN2A by its enhancer (Abdullah et al. 2015a ). Veratridine, can synergistically enhance the effectiveness of the chemotherapeutic agents etoposide and 5-fluorouracil (5-FU), particularly in welldifferentiated colon cancer cells.
In this current study, we first employed a combination of computational structural approaches and protein-protein docking studies followed by genetic and biochemical approaches to further determine the molecular mechanism of UBXN2A-mortalin interaction. These experiments revealed that the SEP (Saccharomyces cerevisiae, Drosophila melanogaster eyes closed gene, and vertebrate 47) domain (Soukenik et al. 2004 ) of UBXN2A binds partially to mortalin's binding pocket located within the SBD (substratebinding domain), and three amino acids (PRO442, ILE558, and LYS555) could be essential for this interaction. A series of cell-based assays verified UBXN2A expression, and its consequent binding to mortalin can reverse cell proliferation, antiapoptosis, and migration promoted by the cytoplasmic mortalin in the colon and U2OS cancer cell lines. Gain-and loss-of-UBXN2A experiments showed UBXN2A positively mediates apoptosis events in cancer cells, and its presence is essential for the induced cytotoxic effect of 5-FU.
Material and methods

Molecular modeling
The amino acid sequence of mortalin (AAH24034.1) containing 679 residues was used to obtain homologous templates in the SWISS-MODEL homologymodeling server (Arnold et al. 2006; Biasini et al. 2014 ). Templates were chosen based on high homology (62 % amino acid sequence identity) and available high-resolution X-ray crystal structure (Fig. 1 supplementary) . Automated model building was performed by the SWISS-MODEL server. Models were examined for accuracy by comparison with the 2.8-Å crystal structure of the nucleotide-binding domain of mortalin (PDB entry 4KBO). Hydrogens were added and side chains were optimized using a rotamer library (SCWRL), steepest descent, and semi-empirical quantum mechanics (MOPAC) in YASARA Structure (Krieger et al. 2012; Krieger and Vriend 2015) . The homology model was inspected and validated using the protein structure validation suite (Bhattacharya et al. 2007 ). The entire structure was subjected to molecular dynamics simulation in YASARA. The simulation cell was filled with water and run at 298 K using the AMBER force field. A similar approach was used to generate the homology model of the SEP domain of UBXN2A. The solution structure of human p47 (PDB entry 1SS6) was used as the template. Docking of mortalin and the UBXN2A SEP domain was performed using the ClusPro 2 server (Boston University) (Comeau et al. 2004; Kozakov et al. 2013) . Only structures that scored in the top 2 were considered. Figures were prepared using PyMol.
Antibodies Table 1 in Supplemental Material (online resources) lists primary antibodies and the titers used for western blotting (WB). The sequences of primers used will be provided upon request.
Cell culture, generation of cell lines, chemicals, and drug treatments Human HEK-293T cells, human HCT-116 and LoVo colon cancer cells, and human U2OS osteosarcoma cells were obtained from the ATCC (American Type Culture Collection). All cells were grown in their appropriate mediums supplemented with 10 % fetal bovine serum (Life Technologies, Grand Island, NY) at 37°C in the presence of 5 % CO2. The (His) 6 -TYG-tagged human UBXN2A in pcDNA3.1Z+ expression vector and a negative expression control vector (pcDNA3.1/Zeo) were transiently cotransfected with pCMV-HA-N (Clontech, Mountain View, CA) empty vector or pCMV-HA-N containing SBD or a mutant form of SBD (Fig. 3 ) using Lipofectamine 2000 (Life Technologies). In a set of experiments, (His) 6 -TYG-tagged UBXN2A or GFP-UBXN2A cloned in pAcGFP1-C1 (Clontech, Mountain View, CA) (Sane et al. 2014) were cotransfected with (His) 6 -CHIP E3 ubiquitin ligase followed by WB analysis or immunocytochemical (Sane et al. 2014) detection of p53.
Cell proliferation assay Transiently transfected HCT-116 colon cancer cells with (His) 6 -TYG-empty or (His) 6 -TYG-UBXN2A vectors were seeded (1000 cells per well) in 96-well plates for 24-, 48-, 72-, and 96-h time points. MTT (3-[4, 5-dimethylthiazolyl-2]-2, 5-diphenyltetrazolium bromide) (CellTiter 96 AQeous One Solution Cell Proliferation Assay, Promega, Madison, WI) reagent was added to each well of the plates 2 h before the end of each time point and incubated at 37°C. The color intensity (absorbance) was measured at 490 nm using a microplate reader (BioMate 3 UV-Vis spectrophotometer, Thermo Electron Corporation, Waltham, MA). The absorbance values obtained were plotted against each time point.
Colony formation assay Transfected HCT-116 cells expressing (His) 6 -TYG-tagged UBXN2A or (His) 6 -TYG-tagged empty vector were selected with Zeocin (100 μg/ml) for 2 days as described previously (Sane et al. 2014) . Transfected cells were seeded (1000 cells per disc) in a 100-mm culture disc for 9 days for cells to form colonies. At the 5th day, media was replaced with fresh media. After 9 days, the cells were washed twice with PBS, fixed with 70 % ethanol, stained with hematoxylin (Fisher Scientific, Pittsburgh, PA), and further washed with water and air-dried. Colonies containing more than 50 cells were considered well-formed colonies. The colonies were imaged and counted with a Multimage™ Cabinet (Alpha Innotech Corporation, San Leandro, CA) using AlphaEaseFC software. The average number of colonies was plotted for HCT-116 vector and HCT-116 UBXN2A-expressing cells.
Migration assay For the migration assay, 1000 cells were seeded into an ibidi plate with two chambers (single cultureinsert in a 35-mm μ-dish, ibidi USA, Inc.). After 24 h, LoVo and HCT-116 colon cancer cells were transfected with GFPempty or GFP-UBXN2A vector (Sane et al. 2014) . After another 24 h, inserts were removed, creating a gap of ∼500 μm. The well was filled with proper medium and cells were allowed to grow for another 24 h. The number of migrated cells within the gap was counted in 11 random areas by live cell imaging at ×10 magnification with bright-field and GFP acquisitions using a Zeiss motorized inverted microscope and measuring the number of migrated cells using AxioVision software. Migrated cells were analyzed using GraphPad Prism 6.
Yeast two-hybrid, flow cytometry (Annexin V, Caspase-3 and cleaved PARP), immunocytochemistry, and His-tag pull-down assays These four assays were conducted as previously described (Abdullah et al. 2015a; Rezvani et al. 2009 Rezvani et al. , 2012 Sane et al. 2014 ).
Statistical analysis of data Unless otherwise indicated, at least three biological repeats were performed for all the cell culture experiments. Statistical values were analyzed with either Student's t test or by one-way ANOVA and Tukey multiple comparison post hoc tests, using GraphPad Prism 6 when appropriate. The means were compared considering a p value of ≤0.05 as a significant difference (mean±SEM).
Results
Molecular modeling of mortalin
The homology model of mortalin shows the nucleotidebinding domain and the substrate-binding domain linked by a bridge and producing a cleft (Fig. 1a, b) . The last three amino acids (PRO442, LYS555, and ILE558) used by p53 (Iosefson and Azem 2010; Utomo et al. 2012) can be seen adjacent to this cleft. This model enabled us to further examine the structural relationship between mortalin and UBXN2A by protein-protein docking. Docking analysis showed the SEP domain engaging this pocket in a region close to the above three residues (Fig. 1c, d ).
UBXN2A binds to mortalin's binding pocket within the substrate-binding domain of mortalin Our previously published results showed the SEP domain of UBXN2A is sufficient to interact with WT-mortalin. The truncated mortalin proteins confirmed a partial section of the mortalin binding pocket on the SBD domain of mortalin (aa 438-506) is sufficient for binding to WT-UBXN2A (Sane et al. 2014) . Interestingly, the p53 binding site of mortalin is also located within the substrate-binding domain (SBD domain) in the range of 423 to 450 residues, while 7 amino acids (THR433, VAL435, LEU436, LEU437, PRO442, ILE558, and LYS555) mediate p53 and mortalin interaction (Iosefson and Azem 2010; Utomo et al. 2012) . Based on the above information, we initially concluded that the first four residues (THR433, VAL435, LEU436, and LEU437) within the mortalin pocket are not essential for UBXN2A interaction. Because UBXN2A can displace p53 from mortalin (Sane et al. 2014) . we hypothesized that a part of the mortalin binding pocket and the last three amino acids used by p53 (PRO442, ILE558, and LYS555) can be important for SEP domain binding.
To confirm whether the three amino acids PRO(P)442, ILE(I)558, and LYS(K)555 can in fact play a role for UBXN2A-mortalin interaction similar to p53-mortalin interaction, we employed a yeast two hybrid (Y2H) technique (Rezvani et al. 2009; Sane et al. 2014) . cDNAs of human UBXN2A and wild-type (WT)-mortalin or the SBD domain of mortalin were cloned into the pGBKT7 DNA-binding domain (bait plasmid, Clontech) and pGAD10 DNA activation domain (prey plasmid, Clontech) vectors, respectively (Fig. 2a, b) . The QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) allowed us to introduce four different point mutations within the SBD domain of mortalin as follows: T441A, P442A, K555A, and I558A. The proline (P), lysine (K), and isoleucine (I) amino acids mutated to alanine are those potential residues characterized by computational studies. In addition, we mutated T441 (threonine) amino acid to alanine to be used as a control mutant (Fig. 2b) . Yeast AH109 containing wild-type (WT) UBXN2A and its mating partner, pGAD10, containing mortalin, SBD, or point-mutated SBD constructs were mated together, and the resulting diploid yeasts were selected based on nutritional selections (Ade, His, Leu, and Trp). The positive protein-protein interactions were further examined on plates containing X-α-Gal for the colorimetric detection of the MEL1 reporter gene product α-galactosidase. This triple selection (Ade, His, MEL1) method showed WT-UBXN2A binds to both mortalin and the SBD domain. However, mutation of P442, K555, or I558 to alanine disrupted UBXN2A-SBD interaction (Fig. 2c) . Mutation of T441 (control mutant) to alanine did not interfere with UBXN2A-SBD interaction (Fig. 2c) . Taken together, these results indicate that UBXN2A binds to and occupies the mortalin binding pocket and UBXN2A partially shares the amino acid binding site with p53 protein. In addition, these genetic approaches further confirmed the proteinprotein docking model described in Fig. 1 .
In the second set of experiments, we transformed SBD domain and point-mutated SBD constructs from the yeast pGAD10 vector to its compatible mammalian vector pCMV-HA-N. HEK-293T cells were co-transfected with (His) 6 -TYG-UBXN2A (Sane et al. 2014 ) and pCMV-HA-N containing SBD domain or point-mutated SBD constructs (Fig. 3a) . Twenty-four hours after transient transfection, total cell lysates were subjected to magnetic His-tag beads (Sane et al. 2014) to isolate the UBXN2A protein and its partners. Similar to the Y2H results, WB analysis showed UBXN2A was able to successfully pull down the un-mutated SBD domain (Fig. 3b) . However, UBXN2A failed completely (P442A and I558A) or partially (K555A) to pull down the point-mutated form of SBD domain (Fig. 3b) . Combining the computational study with the Y2H and His-tag pull-down assays indicates that UBXN2A binds to and occupies the mortalin binding pocket within the SBD domain. As previously described (Wadhwa et al. 2015) . there are individual amino acids within mortalin whose mutations can dramatically change mortalin functions, including alteration in mortalin binding partners. The above experiments suggest that the presence of PRO442, LYS555, and ILE558 amino acids are necessary when UBXN2A binds to the SBD domain of mortalin.
UBXN2A increases stability of p53 protein targeted by the mortalin-CHIP E3 ubiquitin ligase During cell stress, the C-terminus of the HSC70-interacting protein (CHIP) E3 ubiquitin ligase preferentially targets and ubiquitinates chaperone-bound substrates attached to heat shock protein 70 (HSP70) for proteasomal degradation (Qian et al. 2006) . One example is p53, which is targeted by the HSP70-CHIP complex for ubiquitination and proteasomal degradation (Lee and Gu 2010) in normal cells under poststress conditions. As a subgroup of the HSP70 family, mortalin also binds to CHIP protein in the cytoplasm (Kaul et al. 2007 ). In addition, we have previously shown UBXN2A binds and negatively regulates CHIP at the endoplasmic reticulum (ER) level as part of ER-associated degradation (ERAD) pathway (Teng et al. 2015) . Additional experiments are ongoing in our group to determine whether mortalin-CHIP interaction is direct or indirect. It has been suggested that CHIP binds to mortalin and mediates proteasomal degradation of selective substrates such as p53 (Kaul et al. 2007 ). In fact, overexpression of mortalin decreases the protein level of p53 in U2OS cells (Wadhwa et al. 2015) . To test whether UBXN2A can inhibit mortalin/CHIP-dependent degradation of p53 in the cytoplasm, we transiently transfected HEK293T cells with (His) 6 -CHIP E3 ubiquitin ligase ± GFP-empty or GFP-UBXN2A (see BMaterial and methods^section). Twentyfour hours after transfection, cells were treated with cycloheximide (CHX, 0.1 mg/ml) for 2 h (Yuan et al. 2010) . Total cell lysates were prepared, followed by WB analysis. As previously described (Esser et al. 2005) . overexpression of CHIP decreases p53 levels (Fig. 3c, lane 2 versus 1) . Interestingly, expression of exogenous UBXN2A reverses CHIPdependent degradation of p53 (Fig. 3c, lane 3 versus 2) . As previously shown (Sane et al. 2014) . overexpression of UBXN2A alone led to a mild elevation of p53 in the cytoplasm (Fig. 3c, lane 4 versus 1) . Quantitation of the p53 signals of three independent WB experiments ( Fig. 3c) indicated that UBXN2A overexpression can disrupt recruitment and degradation of p53 by the CHIP protein, allowing p53 stabilization. Wild-type, truncated ATP, and SBD domains as well as SBD mutant (T441A, P442A, K555A, and I558A) forms of mortalin were cloned into the yeast pGAD10 DNA activation vector. The cDNA of wild-type UBXN2A was cloned into the yeast pGBKT7 DNA-binding domain vector. The SBD mutant forms of mortalin were generated according to the molecular docking results. c We conducted a set of Y2H assays using WT-mortalin and UBXN2A as well as truncated and point-mutated forms of mortalin protein. Our results confirmed that the mutation of three specific amino acids (PRO442, LYS555 and ILE558) predicted by the structural studies can block UBXN2A from binding to the SBD domain of mortalin based on nutritional selection and α-galactosidase assays.
It has been previously illustrated that inhibition of mortalin leads to activation and relocation of p53 to the nucleus (Kaul et al. 2005; Lu et al. 2011) . To examine whether the UBXN2A-dependent inhibition of CHIP and stabilization of p53 in the cytoplasm observed in Fig. 3c can lead to p53 nuclear localization, we transiently transfected HEK293T cells with (His) 6 - b We used the Dynabeads® magnetic His-Tag bead-based technology to pull down (His) 6 -UBXN2A and its binding partners followed by WB analysis using anti-HA and anti-TYG antibodies. Anti-HA antibody detected SBD and SBD mutants (upper panel) and anti-TYG antibody detected (His) 6 -UBXN2A protein. Both WT-HA-SBD and HA-SBD (T441A) were pulled down by (His) 6 -UBXN2A. However, mutation of three amino acids (P-442, K-555, and I-558) located in the SBD domain eliminated completely (P and I amino acids) or partially (L amino acid) UBXN2A binding to the binding site pocket of SBD. These His-tag pulldown experiments verified the Y2H results provided in Fig. 2 and indicate a direct physical binding between UBXN2A and the SBD domain. c Another set of experiments was designed to examine whether UBXN2A can functionally disrupt degradation of p53 mediated through the cytoplasmic mortalin-CHIP complex. HEK293T cells were cotransfected with (His) 6 -CHIP and GFP-empty or GFP-UBXN2A. Twenty-four hours after transfection, cells were treated with CHX for 2 h and total cell lysates were prepared for WB analysis. Results showed overexpression of CHIP decreased p53 levels in the cytoplasm. In contrast, overexpression of UBXN2A neutralized CHIP-dependent destabilization of p53. UBXN2A overexpression alone had no dramatic effect on total p53 levels, as previously observed in the HCT-116 colon cancer cell line (Sane et al. 2014 ). The bar graph shows a quantitation of p53 signals pooled from three independent experiments. By binding to mortalin, UBXN2A may antagonize CHIP-dependent destabilization of p53, suggesting a novel regulatory mechanism for CHIP-E3 ubiquitin ligase activity empty or (His) 6 -TYG-UBXN2A vector±(His) 6 -CHIP. Twentyfour hours after transfection, cytoplasmic and nuclear cell lysates (Abdullah et al. 2015a ) were prepared, followed by WB analysis. Overexpression of CHIP decreases p53 levels in both the cytoplasm and nucleus (Fig. 2a supplementary, lane 2 versus 1) while expression of exogenous UBXN2A reverses CHIPdependent degradation of p53, particularly in the nucleus (Fig. 2a supplementary, lane 3 versus 2) . Overexpression of UBXN2A alone led to a moderate elevation of p53 in both cytoplasmic and nuclear fractions (Fig. 2a supplementary, lane  4 versus 1) . This set of experiments indicates that, by binding to mortalin, UBXN2A overexpression may disrupt recruitment and degradation of p53 by the mortalin-CHIP complex, allowing p53 stabilization and nuclear localization. A set of immunocytochemistry experiments using LoVo colon cancer cells transiently transfected with GFP-UBXN2A confirmed nuclear localization of p53 in the presence of UBXN2A in the cytoplasm (Fig. 2b  supplementary) . Quantitation of p53 signals in immunostained cells showed UBXN2A overexpression can result in a significant (twofold) increase of nuclear p53 (Fig. 2c supplementary) . Finally, immunostaining of LoVo colon cancer cells transiently co-transfected with GFP-empty/(His) 6 -CHIP and GFP-UBXN2A/(His) 6 -CHIP showed GFP-empty was unable to suppress CHIP-dependent destabilization of p53 ( Fig. 3a and 3c  supplementary) . In contrast, GFP-UBXN2A antagonized CHIP-dependent destabilization of p53 resulting p53 relocalization to the nucleus ( Fig. 3b and 3c supplementary) . Ongoing projects in our group seek to further understand the mechanism behind the UBXN2A-mortalin-CHIP axis with and without stress in normal and cancerous cells.
UBXN2A interferes with cell proliferation and migration of colon cancer cells
It has already been shown that MKT-077, a cationic rhodacyanine dye analogue, can bind to mortalin protein within amino acids 252-310 and reverse the proliferative and antiapoptotic functions of mortalin in cancer cells (Wadhwa et al. 2000) . The same phenomena were observed in cancer cells when Kaul et al. (Kaul et al. 2005 ) used a p53 carboxylterminal peptide to block mortalin's binding pocket. We hypothesized that UBXN2A binding to mortalin's binding pocket can also disrupt mortalin's interaction with partners, antagonize oncogenic function of mortalin, and eventually induce cell cytotoxicity in cancer cells. Overexpression of mortalin correlates with a higher proliferation rate, colony forming efficacy, motility, and tumor forming capacity; poor survival; and increased resistance to therapies (Dundas et al. 2005; Gestl and Anne Bottger 2012; Guo et al. 2014; Sadekova et al. 1997 ).
To test the influence of UBXN2A on mortalin oncogenic function, we chose cell and colony proliferation assays as well as a cell migration assay in colon cancer cell lines. For the cell proliferation assay, we used an MTT assay in which we compared the proliferation rate of HCT-116 cells expressing (His) 6 -empty vector or (His) 6 -TYG-UBXN2A. Figure 4a shows expression of UBXN2A significantly decreases cell proliferation in a time-dependent manner. We particularly observed a negative growth in cells expressing UBXN2A in the first 24 h due to significant death in cells expressing a high level of UBXN2A protein. After the first 24 h, we observed cell growth in both empty and UBXN2A-expressing cells; however, the results showed that cells expressing exogenous UBXN2A still grew more slowly than the control cells under the same circumstances (Fig. 4a) , as previously illustrated for other anti-cancer proteins (Yu et al. 2012) . For the colony formation assay, HCT-116 colon cancer cells were transfected with (His) 6 -empty vector or (His) 6 -TYG-UBXN2A. After 48 h of antibiotic selection, cells were seeded for the colony formation assay. UBXN2A expression significantly decreased the amount of clones in HCT-116 cells when compared to cells expressing empty vector (Fig. 4b) .
The current results indicate while UBXN2A expression has the ability to significantly decrease the number of colonies, some cells still keep the ability to form large colonies (Steinmetz et al. 1993) . These colonies can be untransfected colonies or colonies with low-level expression of exogenous UBXN2A. Cells with high expression of UBXN2A enter into apoptosis 24 h after transfection or induction (Abdullah et al. 2015a; Sane et al. 2014 ). In addition, Lu et al. reported exogenous stresses, in this case Lipofectamine 2000 (Fiszer-Kierzkowska et al. 2011), can increase mortalin-p53 binding, resulting in elevation of cell proliferation (Lu et al. 2011) . It is possible that the observed large colonies dominantly have a huge pool of mortalin-p53 resistant to UBXN2A anti-mortalin function.
Another factor that can explain the presence of large colonies in HCT-116 cells expressing UBXN2A is a phenomenon called stress-induced premature senescence (SIPS) induced by WT-p53 (Mirzayans et al. 2012) . The SIPS cells can maintain viability and secrete factors that, among other detrimental effects, can promote tumor growth (Sliwinska et al. 2009 ). In addition, SIPS might not be a Bpermanent^growth-arrested state, and some SIPS cells can escape the proliferation block and give rise to aneuploid progeny that can re-enter the mitotic cycle as previously described in HCT-116 cells (Mirzayans et al. 2012 ). There are ongoing experiments in our group to determine whether overexpression of UBXN2A and its downstream effect on the p53 pathway may have a dual effect as follows: (1) UBXN2A can block the proliferation of the majority of the cancer cells though unsequestration of p53 and suppression of other tumorigenic partners of mortalin. (2) In contrast, UBXN2A-dependent activation of p53 can lead to the appearance of proliferating aneuploid cells capable of accelerating selective proliferation as previously described by Roninson et al. (Roninson 2003) .
To evaluate whether interference with proliferation is also detected in other mitogen-dependent processes, we measured the influence of UBXN2A expression on cell migration. To this end, poorly differentiated HCT-116 and welldifferentiated LoVo cells were transfected with GFP-empty or GFP-UBXN2A, and 48 h post-infection, a migration assay was performed (see Material and methods). The time to close the gap by migrated cells was significantly delayed when cells expressed UBXN2A (Fig. 4c-d) .
shRNA knockdown of UBXN2A significantly reduces the cytotoxic effects of 5-FU in U2OS with enriched cytoplasmic mortalin It has been shown that the human osteosarcoma U2OS cell line has enriched perinuclear mortalin protein, indicating We used a human osteosarcoma U2OS cell line with enriched cytoplasmic mortalin to investigate whether inhibition of UBXN2A expression by interference RNA modulates 5-FU-induced apoptosis. a Twenty-four hours' incubation with staurosporine (50 nM positive control) successfully induced apoptosis in U2OS as measured by Annexin V, caspase-3, and cleaved PARP. b Transfection with shRNA lentiviral against UBXN2A generated two stable clones with efficient UBXN2A silencing (clones 2 and 3). (c-f) Cells stably expressing scrambled shRNA or shRNA against UBXN2A were treated with vehicle or 5-FU (100 μM) for 48 h followed by flow cytometry using Annexin V (c, d), caspase-3 (e), and cleaved PARP (f) apoptotic markers (n=6, P<0.05). Spontaneous apoptosis seen in the absence of 5-FU has been described previously. Results indicate UBXN2A silencing can inhibit 5-FU-induced apoptotic events 
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Annexn Vmortalin mortalin is a predominant oncoprotein in this cancer cell line (Widodo et al. 2007 ) similar to colon cancer cells. In fact, mortalin knockdown decreases growth in U2OS (Kaul et al. 2003; Ran et al. 2000; Wadhwa et al. 1993a ). Based on this evidence, we chose U2OS as an ideal model for examining the apoptotic events in the presence and the absence of UBXN2A. We first examined whether three common apoptotic events (Annexin V, caspase-3, and cleaved PARP) are present in U2OS in response to staurosporine, a well-known inducer of apoptosis in a wide range of cell lines (Belmokhtar et al. 2001) . Figure 5a shows staurosporine induces early-stage apoptosis measured by Annexin V as well as caspase-3 and PARP cleavages after 48 h. Using lentiviral shRNA, we stably silenced UBXN2A in U2OS cells. Figure 5b shows efficient silencing of UBXN2A in clones 2 and 3 versus cells expressing scrambled shRNA. The U2OS control group and clones 2 and 3 were treated with DMSO (0.1 % final concentration) or 5-FU (100 μM) (Eby et al. 2010 ) for 48 h, followed by flow cytometry using an early apoptosis marker, Annexin V (Abdullah et al. 2015a) . We recorded a spontaneous apoptosis (Ehemann et al. 2003; Wang et al. 1996) in DMSO-treated cells, which was suppressed in the absence of UBXN2A (Fig. 5c ). On the other hand, treatment of cells with an oncogenic agent, 5-FU, led to a significant apoptosis in control cells, while clones 2 and 3 expressing UBXN2A shRNA showed no elevation of Annexin V in response to 5-FU (Fig. 5c, d ).
In panels e and f of UBXN2A enhances the cytotoxicity of a chemotherapeutic agent, 5-FU, in an osteosarcoma cell line
The experiments conducted in Fig. 5 demonstrated that UBXN2A depletion can decrease 5-FU-induced apoptosis assessed by Annexin V as well as caspase-3 and PARP cleavages. To better understand the mechanisms whereby UBXN2A induces apoptosis, we transfected human osteosarcoma U2OS cells with GFP-UBXN2A. In this gain-offunction approach, we examined whether overexpression of UBXN2A can increase the cytotoxic effect of 5-FU. Cells were transiently transfected with the GFP-empty or GFP-UBXN2A capable to bind to mortalin (Sane et al. 2014 ).
Overexpression of UBXN2A and not empty vector successfully induced early apoptosis in U2OS (Fig. 6a-c ). In addition, another group of cells was co-transfected with GFP-UBXN2A and lentiviral shRNA against UBXN2A (used in Fig. 5b ).
Coexpression of UBXN2A shRNA in cells antagonized the pro-apoptotic function of exogenous UBXN2A (Fig. 6a, d ), illustrated by the reduction of Annexin V. Together, this set of experiments confirmed that UBXN2A can act as a proapoptotic protein in U2OS. Finally, we examined the level of Annexin V apoptosis marker in transfected cells treated with 5-FU (100 μM) for 48 h. As a genotoxic agent, 5-FU successfully increased Annexin V levels in cells expressing GFP-empty cells (Fig. 6a, e) . However, the presence of exogenous UBXN2A significantly elevated the 5-FU-induced apoptosis (Fig. 6a, f) . Taken together, UBXN2A expression in combination with a genotoxic agent appears to be a promising strategy for the treatment of human U2OS osteosarcoma cells. An ongoing project in our lab endeavors to repeat these results in a U2OS xenograft mouse model treated with a combination of UBXN2A enhancer (Abdullah et al. 2015a ) and 5-FU.
Discussion
Osteosarcoma is the most common primary malignant bone cancer in children and adolescents. Particularly, osteosarcoma is aggressive in children despite surgery and chemotherapy and is prone to relapse (Marina et al. 2004) . A recent improvement in chemotherapeutic regimens has increased the long-term survival rate (Kim et al. 2010; Tang et al. 2011) . However, these patients still have a poor response to chemotherapy, which is usually associated with a poor prognosis (Basu-Roy et al. 2013) . Therefore, there is an emerging demand for novel therapeutic approaches for patients with osteosarcoma (Hattinger et al. 2010; Kim and Helman 2009 ). This current study introduces the identification of a novel anti-cancer pathway that can improve the Fig. 6 Overexpression of UBXN2A induces apoptosis in U2OS and enhances apoptotic events induced by 5-FU. (a-f) U2OS were (co)-transfected with GFP-empty, GFP-UBXN2A, or GFP-UBXN2A plus lentiviral shRNA against UBXN2A (used for clone 3 in Fig. 5 While further studies such as a protein crystallization technique are necessary to determine UBXN2A-mortalin protein complexes at atomic resolution, this simulation reveals a dynamic and stable binding pocket within the SBD domain of mortalin in which the SEP domain of UBXN2A can bind. We believe the initial binding of the SEP domain leads to the formation of further affinity-and specificity-increasing interactions between the additional domain of UBXN2A and mortalin's binding pocket. More importantly, this current structure study suggests a section of the p53 binding site on mortalin protein structurally is the matching pocket for the SEP domain of UBXN2A.
It has been shown that mutation in specific residues within the binding pocket of HSP70 protein can disable HSP70 from binding to a selective substrate (Rohrer et al. 2014) . Completion of Y2H and IP experiments confirmed PRO442, LYS555, and ILE558 are essential residues in the mortalin pocket when the SEP domain binds to the SBD domain of mortalin. In previous Y2H experiments (Sane et al. 2014) . truncated forms of mortalin suggested a section of the SBD domain between 438 and 506 residues is essential for UBXN2A binding. However, in those truncated forms, we kept ATP at the N-terminus of truncated SBD. In this current study, we eliminated the ATP domain to better understand how SBD's pocket meditates UBXN2A-mortalin interactions.
It has been previously reported that the N-terminal of mortalin (253-282) is important for p53 binding (Kaul et al. 2001; Wadhwa et al. 2000) . However, another set of studies showed p53 binds to the substrate-binding site located at the C-terminus of mortalin (Iosefson and Azem 2010; Utomo et al. 2012 ). The differences between the above results are certainly explained by possible modification or additional interacting partners observed in the in vitro and in vivo systems utilized in the above reports.
Our structural studies (Fig. 1) as well as the Y2H and pulldown experiments (Figs. 2 and 3 ) presented in this current study combined with our previous results (Sane et al. 2014) suggest both the N-terminus and C-terminus of mortalin contribute to UBXN2A interaction, similar to p53 and MKT-077 binding to mortalin (Grover et al. 2012; Wadhwa et al. 2000) . These current results suggest the following facts: (1) UBXN2A binds to mortalin's substrate pocket located in the C-terminus, and this binding can be affected by the absence of PRO442, LYS555, and ILE558 amino acids as well as the presence of the N-terminus of mortalin (1-506 aa) (Sane et al. 2014) . (2) Binding of UBXN2A to the substrate-binding pocket masks a part of the p53 binding site within the substrate-binding domain of mortalin (THR433, VAL435, LEU436, LEU437, PRO442, ILE558, LYS555) (Utomo et al. 2012) . (3) UBXN2A's binding to the substrate-binding pocket may lead to conformational changes (Sharma and Masison 2009; Zhuravleva and Gierasch 2015) in the Nterminus (ATPase domain) of mortalin, which is also critical for p53's binding to mortalin (Kaul et al. 2001) . (4) Other sections of mortalin domain such as the ATP and lid domains can be used as the second site of interaction with UBXN2A. Similar multi-interaction sites were described for UBXD1 protein when it binds to p97 protein platform (Kern et al. 2009 ). Together, the above results confirmed UBXN2A is a regulatory partner of mortalin and UBXN2A uses the SEP domain to fit and bind to the SBD conserved pocket.
This current study suggests UBXN2A binds to mortalin's protein binding pocket and interferes with mortalin's binding partners (Dundas et al. 2005; Gestl and Anne Bottger 2012; Guo et al. 2014; Sadekova et al. 1997 ) resulting in inactivation of mortalin oncoprotein in cancer cells. Part of the apoptotic resistance of cancer cells is mediated by activation of WT-mortalin in cancer cells, including osteosarcoma (Wadhwa et al. 2015) . therefore, inhibition of this mortalin-induced survival response by UBXN2A may be an important adjunct to increase the efficacy of chemotherapy. Further studies are required to dissect the various mechanisms underlying UBXN2A anticancer functions upon its binding to mortalin and how UBXN2 A -de pe nde nt in hibi tion o f t he morta lin oncoprotein pathway can alter the apoptotic efficacy of chemotherapy (Fig. 6g) . The tumor cells use several molecular mechanisms to suppress apoptosis and acquire resistance to classic chemotherapies. An increasing number of studies have clearly established that mortalin is a dominant oncoprotein in several solid tumors affecting both anti-apoptotic and pro-apoptotic proteins (Deocaris et al. 2013; Yoo et al. 2010 ). Completion of this study showed UBXN2A can bind and inhibit mortalin oncoprotein, resulting in induction of the apoptosis pathway in the presence of 5-FU. Therefore, UBXN2A can be targeted to stimulate apoptosis in solid tumors with high levels of mortalin.
In summary, the additive effect of a pro-apoptotic UBXN2A and the cytotoxic anti-cancer function of 5-FU could be an effective treatment strategy, particularly for those mortalin-enriched tumors such as osteosarcoma. Induced UBXN2A (Abdullah et al. 2015a ) can inhibit mortalin oncoprotein, which is required for the development of osteosarcoma tumors. This approach may improve the efficacy of classic chemotherapies and lead to better management of patient survivors.
